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PREFACE

The NRL Space Science Division has for man y years been ob-
serving astronomical sources radiating in the far infrared. From these
studies it has become apparent that a large-etendue instrument with
moderate spectral resolution would offer significantly more valuable
data than that obtainable from existing instruments , which were
either of small etendue (grating-type spectrometers) or limited to
broadband photometry . Although laboratory spectrometers exist in
abundance , instruments that operate at liquid helium temperatures
and can withstand the rigors of a rocket launch and a space environ-
ment are far less readily available.

In the search for suitable instrumentation , an all-reflection
interferometer being developed at the u niversity of Wisconsin
offered the possibility of an ex tremely rugged instrument that could
be cooled. The instrument was originally developed for the ultra-
violet region of the spectru m , for which transmitting optical
components are not available, With the prospect of applying these
principles also in the far Infrared , Professor Roesler undertook the
responsibility for directing the design , construction , and test of such
an instrument under contrac t ONR NO 00 19-67-A-0128-0025. ‘l’h e
work was done at Madison except for some of the tests, which were
made in Washington because of the availability there of two micro-
wave generators. This report contains the results of those studies
and represents the final contract report. We believe the interfer-
ometer has been shown to be a potential candidate as a large-e tendue
interferometer for space app lications.

iv



AN ALL-REFLECTION FOURIER TRANSFORM INTERFEROME TER
FOR THE 500. TO 1000-MICROMETER WAVELENGTH REGION

I. INTRODUCTlO r~
Fourier transform spet.troscopy with a Mich elson interferomete r is well known to

offe r two very signific ant advantages, especially in the infrared region of the spectru m ,
over conventional grating and prism spectroscopy. The first of these is the etendue
advantage , which at a given resolving power gives the instrument much higher f lux-
handl ing  capacity than conventional spectrometers. This advantage of axial fringe instru-
ments is due to the large solid an gle of ligh t that can be accepted by the dispersing ele-
ment wi thout  degrading resolution.

The second is the multiplex advantage , which may be realized when noise in the
output  signal is limited by detector-amp lifier technology rather than by photo n arrival
statistics. In this case , noise in the output is not increased by detecting more ligh t , so
that the effective observing time for each wavelength interval is greatly increased by
observing all wavelengths simul taneously -

However , in certain wavelength regions there are practical disadvantages to the con-
ventional M ichelson interferometer. Since the beam splitter is used in transmission , the
instrument  is l imite d to spectral regions for which transmitting materials are available.
In the ultraviolet , the use of an LiF beam splitter woul d permit operation down to
1050A , but it is not known how to manufacture from it large and perfect enough beam
splitters for use in interferometry . The best fused silica has excellent optical working
properties , but stops transmitting at about 1650 A. In the far infrared , a number  of
I ) I a st i ( -  material s, M ylar ® and polyethylene for example , are suitable for beam-spl itting.
However , they present problems because of their lac k of rigidity , especially away from
the carefully controlled laboratory environment. Furthermore , in the submillimt ’t er
spectral range it is u l t imately  desirable to (‘001 the entire instrument with li quid he l ium
to avoid swamp ing the detector with background radiation generated by the mirror and
beam splitter.  This Increases the diff icul ty  of working with thin-f i lm beam spli t ters ,
which become brittle and are like ly to break when cooled .

The concept of the all-reflection interferometer was generated in response to the
problems posed by transmitting beam splitters. It Was recognized that gratings are tested
routinely by companng the wavefront of monochromatic ligh t diffracted from a grating
with a wavefront reflected from an optical flat , and that therefore a suitable grating or
combination of gratings migh t form the basis of an all-reflection beam splitter. Further-
more, since gratings are solid , ri gid elements , there should be no co~iplications with
cooling or structural rigidi ty.

Manuscript submit ted  D ’f - I mbcr , 1976 .

-9



F. L. ROESLER , et al.

Some of the elements of all-reflection interferometry have been discussed in a series
of published papers 1 1— 3 1 .  The basic idea is that if a grating with symmetrically cut
grooves is illuminated at normal incidence , two symmetrically diffracted wavefror i ts
lea ve the grating, as shown in Fig. 1. If these wavefronts are reflected back on them-
selves by mirrors M 1 and M 2, th ey are recombined at the grating and interfere construc-
tively or destructively with each other , dependi ng on the path diffe rence. Thus a
Michelson-like interferometer is formed; it may be scanned by translating one of the
mirrors in a direction normal to its surface. However , because only one wavelength at
a time can he reflected back on itself with this arrangement (each wavelength leaves the
grating at a different angl e and hence mirrors M

1 
and M 2 can be normal to the rays of

only one wavelength ) it is not suitable for broadened interferometry .

This deficiency is corrected by the arrangement shown in Fig. 2, which employs
additionally the conventional gratings 

~~2 and G 3 to cancel the dispersion introduced by
beam splitter G 1. Ray s of all wavelengths then strike mirrors M

1 
and M 2 at normal

incide nce and are reflected back on themselves. Ray s of different wavelength s follow
sligh tly diffe ren t pa ths , as shown in the figure , but that is of no essential consequence.
The inte rferogram (-an now be generated by displacement of mirror M 1. Thus , this de-
vice has the essential characteristics required for all-reflection broadband Fourier trans-
form spec troscopy.

The remaining sections of this report discuss details of the theory , construction , and
tests of a device intended for use in the 500- to i0ø0-~ m wavelength region.

It . ON-AXI S THEORY OF THE INSTR UMENT

A schematic of the all-reflection in terferometer is given in Fig. 3. We assume that
beam splitter grating G 1 has symmetrical grooves , so that the beam is symmetrically
split. Grooves with an isosceles-tnangular or sine-wave cross section meet this require-
ment. Groove spacing d 1 = d2 d 3 is the same for all three gratings. The faces of the
gra ti n gs and of the two mirrors are all parallel , and we assume that the rulings of the

+ 
I~ + - Fig. I —Schematic of a simple interferometer

using a grating G to split a b&’am of light intoK, /
/

bined . Haiding er fringes are observed in the

M 

, entrance aperture .

2
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as a Fourier transform spectrometer. G 1,
Fig. 2—All-ref l ection interferometer for use

G 2, and 03 are diffraction gratings with
identical groove spacings . M1 and M 2 are 

____________

plane front-surfa ce mirrors . Mirror M is a
concave mirror . The path differe n ce ~ 2
(L 1 — L 2) for normal-incidence rays ~s the
same for the different wavelengths X0 and ~~~~~ ~e x t

L y

a
M 2

~~~T -
~~ j  

6

/\ 

Fi g. 3—All-reflection interferometer
for use as a Fourier transform spec-

s1 ~ s2 trometer . G 1 , 02 , and G 3 are plane
diffraction gratings with identical
groove spacings. M 1 and M2 areV ~ 
plane mirrors . At normal incidence,/ l the path difference between the two
arms of the instrument is ~~ (L 2 —

/ L1) for all wavelengths.

~ 2 h — 1 1 ~~ 63

x o , x I
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F. L. ROESLER , et a l .

three gratings are all parallel. The side gratings are equidistant  from the lwam spl i t te r ;
that is , S1 S2 . Finally, the two side gratings , needed to undo the dispersion of the
bea m sp litter grating, are placed symmetrically in the x direction around a p a in t  of sym-
metry of G 1 such that t 1 = t 2 (e.g., a point of symmetry for the triangular-shaped
grooves would he the tip or bottom of the groove).

Unde r these assumpt io ns, a plane wavefront of wavelength X is diffracted fro m G 1
in order h and then diffracted from the side gratings in the same order , so tha t the two
beams hi t the mirrors at normal incidence and retrace their paths out of the ins t rument .
If L 1 L 2, it is clear from the figu re that the optical path dif fe rence between the two
arms of the interferometer is zero for all wavelength s in all orders. Mirror M 2 is trans-
la ted along its normal (i.e., in the y direction) to vary path length between the two
beams. As can be seen from the symmetry of the device , the path diffe rence between
the two beams for normal incidence is A = 2 (L 2 - L 1 ), which is independent of the
wavelength. Thus , this ins trument can he used as a broadban d Fourier Lrar ms form spec-
trometer in the usual way. The interferogram as a function of path di fference is given by

I’
1 ( A)  = J B( o) (1  + cos 2 iruA) do , ( 1 )

whe re B ( o )  is the spectrum of the incident l ight multi p lied by the various efficiency fac-
tors for the optical system.

8~
Spectrum B ( s )  is given by the f ini te  Fourier transform

m a x

B
~~

(o) = J do A (A ) 11(A ) - !(°°)1 cos (2 ir oA) ( 2 )
A m a x

where A ( A )  is the apodization function and Am~~ is the maximum l)ath difference be-
tween the two arms of the instrument. Spectrum B~( o)  is usually computed numeri cally,
wi th the inte gral in Eq. (2)  replaced by a finite sum. The maximum resolution possible
is R =

The above equations assume that there are no anomalous phase differences between
the arms of the interferometer. That is , the only phase difference between the two arms
is given by 2iroA. Care must usually be taken to account for any additional phase
shifts 14 1-

If S1 � 
~ 2 ’ the zero path position is wavelength -dependent , an effec t similar  to the

misa linemen t of the compensating pla te in a Michelson. As shown by Kruger et al. i J .
the passband is severely limited if the groove spacing of G 1 is slightl y diffe rent than t h a t
of the side gratings . However , this is not a serious restriction for gratings working in the
far infrare d. If -�~ t~ and t 2 t 1 is not equal to an integral number of quarter-groove
spaci ngs , a wavele ngth-independent but order-dependent phase shift between the two
bea ms may occur. This effect is discussed later.

In addition to the two interfe ring beams , an undif iracted beam resulting from spec-
ula r re flection of the incident wavefront at G 1 is returned to the exi t  aperture. To

4
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separate the two interfering beams from the undiffracted beam , the two side gratings are
rotated h~ a small angle ~ around the x -a xi s , as shown in Fig. 1. In this side view of the
ins t rument , all rays are projeclA’(I onto the ‘z plane. To locate the optic axis for the
t w o  interfe ring beams , we consider a ray ly ing  in the yz plane and incident on
making  ‘n angl e o with the normal to G 1 and hence an angle ( i r / 2 )  — a with the groove
~~ ~~ 

that  l ie s on the z -axi s .  This wavefront is partly reflected from G 1 and partly dif-
fracted into order !~. ‘lhe refie -ted ray stays in the vz plane amid makes an angle ~ wi th
the  normal to U 1 as it  exits from the ins t rument .  The diffracted ray comes out of the
‘: plane : its orientation is given by the pair of angles ( -b , a),  where (~r / 2)  + a i~ the
angle the diffracted ray makes wi th  t h e  z-axis (a groove of the grating) and t~, is the
angle between the normal of C 1 and the projection of the diffracted ray onto the xv
plane (the  p lane normal to C 1 and perpendicular to its grooves). The grating equation
relates o ari d m,i by

kX - d sin i,~i cos a .

For sm al l ~ and a , the projection of this diffracted ray onto the yz plane makes an angle
~~o x o s  1) with the v-axis , where we define s inO kX / d .  This diffracted ray proceeds to
the side gratings , h i t t ing  them at an angle ~~I -ir f 2 - -  

(a  
- 

~ cosO) ]  with respect to their
grooves , and coming off the side gratings in a plan e parallel to the yz plane. Since this
angle is conserved , the rays hit  the mirrors at an angle a — ~(1 + co sO)  with respect to
the normal to the mirrors , which are lines 1)arallel to the y-axis. For the ray to return
on itself (the definition of the optic axis), this angle must he zero , so the angle for the
optic axis is given by

a = 
~~(1  + ( o S O )

where &-os O = -- (k ?~/ d ) 2 is a function of the wavelength and order number.

A ) 
~~

a
~~~~~~~~

1’ F R U M G

.-;~< ~~~~~~~~~~ L
L

M2~ 

2 /
Fig. 4 - Side view of the ins t rument , wi th  s ide~ gr ati n~s
tilted to separate the in t er fe r ing  beants from unwanted
l ight  reflected from beam sp li t ter  grat ing (~~

5



F. L. ROESLER , et al.

Wi th a semicircular aperture of angular diamete r ~~ , the min imum ~ that is require d
to separate the interfer ing beams of interest from the re flected beam is given by a = j3 /4.
Hence the m i n i m u m  til t for the side grating is

13/ i
~m in  — 

1 + cos O

Although setting ~ # 0 makes the position of the optic axis a funct ion of wavelength
and order n um ber , which in tu rn decreases the etendue for wavelengths other than that
to which the instrument  is tuned , the advantage is that not only the undi f f ra -ted specular
reflection from (~~ but also other unwanted beams of l ight  in the instrument will not
reach the exit  aperture. ( For example , any beam that bounces between a side grating
and its corresponding mirror more than once , or any beam that , rather than exiting the
inst rument  after r eturning to C 1, ente rs the opposite arm of the interferometer and then
returns to come out off G 1.)  Of course , the specularly reflected beam from G 1 is
eliminated also. Hence if ~ ~ ~m i n ’  only the interfering beams of inte rest enter the
detector. The only unwanted ligh t entering the detector will he that which leaves 

~~in order k and returns directly hack to G 1 from U 2 and 03 in order 2k. The intensities
of these beams can be minimized with the proper choice of blaze for G 2 and G 3.

For our experiments , cos 0 varies between 0.54 and 0.95 over the ful l wavekngth
range that passes through the instrument , and the shift of the optic axis for different
wavelengths is enough to deteriorate the efficiency of the instrument somewhat. Never-
theless, most of the ligh t from the inte r fering beams passes through the exit aperture to
reach the detector.

Other factors affecting the efficiency of the instrument , such as blaze effects and the
so-called walk-off effect , are discussed in detail by Kruger et al. 111 and are mentioned
onl y briefl y here . In particular , Fig. 5 shows the results of an approximate calculation of
the efficiency of this instrument as a function of wave number a , where 0Bk is the blaze
wave number in order k. This curv e is Fig. 7 of Ref. 1. In the efficiency calculation,
the fractions of ligh t at a given a that are diffracted into the various orders are given by
examining the singl e slit diffraction envelope from a single facet of G 1. Ligh t diffracted

Fig. 5— Calculated efficiency as a function of wave
numbe r for an all-reflection interferometer , sho w in g
peaks of grat ing blaze wave numbe rs II 

I6
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from U in order k di f f racts  from C , (or  (;3 ) also in order !~ . The amount  of l igh t
leaving 02 (or 03 1 in ord em- F~ is determined from the single slit  d i f f r ac t ion  nv lo i
the individual  fa -ets of C 2 (or 03 ) . The return path of the ligh t thr ough the i n s t r u m en t
is treated in the same way, and the portion of ligh t that  proceeds t h r o u g h  th e  instru-
ment iii order k is then estimated. In addi t ion , the loss in in t ens i t y  due to the wa lk -o f f
effec t and the contr ibut ions from all orders with s ign i f ican t  e f f ic iency for a given a are
included in this estimate . The impor tant  feature of this curve is the perio dic p eaking in
v f f i t ienev at each blaze wave number .

Finally,  even for ~ ~ 0, the on-axis rays still have a path difference A 2 (L 2 •

although the obli quely incident  ray s have a somewhat more ( ‘omj ) l i (- ate ( i  path d i f feren ce.
The interference fringe s are no longer circles , as they are for a Mich elson inwr fer omet4 ’r .
for which ~ = 0.

I l l .  EXPERIMENT

An all-reflection interferometer has been constructed for operation in the far infrared.
Top and side views of the optical system are shown in Figs . 3 and 1 . respectively, and top
and side mechanical views are shown in Figs. 6 and 7.

The gratings and mirrors were all made from a luminum on a mil l ing machine . ‘l’he
beam spli t ter  grating G 1 iS 76 mm square , while the side gratings are 76 mm ~ 168 m m .
Two sets of grati ngs were made and tested , one with a grating constan t of d = 3.81 mm .
the other with d = 6.35 mm. The beam splitter is a symmetric grating with  tr iangular
grooves having a facet blaze angle of 20° . Side gratings C 2 and G 3 have a conventional
asymmetric profile and the same blaze angle of 20°. The mirrors are flat to at least
X/20 at a wavelength of 500 pm. For this test device (Fig. 3) . S1 = S2 = L 2 = 136 mm.

r~— 1

‘ I  M2

2 

~~

•

I 

M~ G 3 
~~~~~~~~~~~~~~~~~~~~~~ ~ 

~~~~ 
‘

Fig , 6— Top view of the far-infrared
all- reflection int erf erometer

7
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— ENTRANCE
I AND EXIT

n APERTURES
Fig . 7 — Si&’ view of the far-infrared

all-reflection interfe rorneter

G i , M2 L

Fhe moval ) le mirror M 2 can be t rans la t e d  along the normal to i t s  surface. .\ st eppin g
motor  drives the mirror at 1.67 pm per step. ih e  max imum possible displacement is
18.7 mm , which corresponds to a resolving power of ~~37 at ?~ = 500 pm.

The input  and output  beams are collimated by an off-axis paraholoidal mirror w i t h
a focal length ‘f 2~ cm. The side gr atings are tilted by an angle ~ chosen so that the
centers of th~ .,err r cu lar entran ce and exit  apertures are separated by 11  mm. Copper
tub ing  0.5-in, in diameter is used as ligh t p ipes to feed the ligh t from the source to the
entrance aperture and from the exit  aperture to the detector. When a mercury arc lamp
is used as the source , it is modulated by a mechanical chopper at a frequency of 17 1  l i z .
The klystron source is electrically modulated. The detector is a liquid-helium-cooled
InSb hot-electron holometer whose signal is measured with a lock-in ampl i f i e r .  Wi th  each
step of the interferometer mirror , data are punched onto paper tape .

The fixed mirror M 1 and the gratings are supported by an a l u m i n u m  yoke. Gratings
02 and 03, which are mounted on a common hacking plat i ’ , were adjusted to he parall el
to each other; then C~ and M 1 (cut  on the same piece of a l u m i n u m )  and .~!2 ~ve~ all
adjusted to he parallel to 

~‘2 and 0 3 by measuring S1, ~~~ 
, and L 2 at the corners of

the gratings and the mirrors with a vernier caliper. This a l in ement  is good to ±25 pm
if carefully done. . \f te  r the adjustment  for par allelism , the hacking plate for 02 and C 1
was ti lted to make ~ / 0 and thus separate the entrance and exit  apertures.

The ins t rument  was tested with k lystron and mercury arc sources at NIfl~. The
interf ero grams presented here were inverted using a standard two-sided complex f i n i t e
Fourier t ransfo rm (E q. ( 2 ) )  with the spectrum taken t he the modulus  of the transform.

With a klvs tron having a wavelength of 3.2 mm , the interferogram was a sing le
(-osine curve , as expected for a Michelson-type F’ourier transform spectrometer. Figure 8
shows the interferogram and its  transform obtained by using two k lvstron s , with nominal
wavelength of :3.2 and 2.2 mm . as the source. The resolving power is about 10 at 3.2 mm .
As expected , the spectru m shows two discrete spectral l ines at wave numbers of 1 . t~~

’ and
3.16 c-m 1 , corresponding to wavelengths of 2. 1~ and :3 .16 mm.

In a second exper iment , a hot  mercury arc lamp was used as a broadban d source.
‘I wo interf erograms and their  transforms , made with two sets of gratings with different
groove spacings (d = 3, 81 and 6.35 m m ) ,  are shown in Figs. 9 and 10. Both interferograms8
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~ I Above) lnterfe r ogr am made using ~~~~ 

~ /

i~ si, i i r~’ , 2.2 ’ and 3.2- mm k ly strons s imu l ’  • I •

G r a t i n g  groove’ spacing,  ~ .35 
I~ U

mm , 5 1 2  data  point.s, p ,it li differenc e he’
Iween points , 67 pm. (Below) Spectr um ~‘
obtained liv doubte ’sided t ransformat ion —‘

of i n t 4 r ferogr a m. Peaks appear at 3.16
and 1 61, cm i , correspo n d i n g  to wave-
le ng th s  of 3 .i6 and 2.11~ m m .  I

:~
‘. • 

- _ _ _ _ _ _

Fig. I I A t~ iV~ ’ ) In t erferogra m of a mer-
cury ir e source , made using grat ings wi th

___________ ~T(~I ) v ~’ ~ p. ei ig d = ; :i: mm. ( B e l o w )
5 ~ 8 Transform of interferogram showing peaks

4 ~• due’ t o  periodic ins t rumenta l efui c ien cv
• 

• 

•

• 

curve. The numbers  iden t i f y  each peak
- I~ I 

I I  with a d i f f r ac t ion  order.
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~~~~~~~

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

e ( c m l )

Fi g. ~O— (Ab ove)  Interferogram of a mercury arc source
made using gratings with groove spacingd 3.81 mm. The
phys ical zero path-d ifference point lies approsimately mid-
way between the two large peaks . (Below) Transform of
interferogram , showing peaks due to periodic instrumental
efficie ncy curve. The numbe rs identif y each peak with a
diffraction order.

contained 512 points , with a 22.3-p m path difference between points , corresponding to a
resolution limit  of 0.877 cm*

In each of Figs. 9 and 10 the spectrum contains many peaks , although the envelope
of the peaks has the appearance expected of a mercury arc source. The peaks are present
because of the structure in the instrumental efficiency curve , as discussed in the last sec-
tion. E&h peak corresponds to a single diffraction order of the grating, and its sharpness
is due to the success of the blaze in maximizing the grating efficiency near the blaze angle

The wavel engths of peak efficiency are given by

— 
d sin 0B

k

where k = 1, 2 , 3, ...  is the diffraction order. The spectra of Figs. 9 and 10 confirm
that the spacing of the peaks does in fac t depend on groove spacing d and that the wave-
lengths of peak efficiency agree quantitatively with the above equation.

None of the three interferograms shown has the appearance of the traditional
Michelson inte rferogram , which is characterized by symmetry about a central maximum

10



NRL REPORT 5091

located at the position of zero path difference. The interpretation of these interferograms ,
along with experimental data to confirm the interpretation , is presented in the next two
sections.

An attempt was made to improve the efficiency at wavelengths away fro m the blaze
wavelengths by replacing the side gratings with split bla ze gratings. in which the grooves
have a blaze angle of 150 in half  the grating, and in the other half 25°. The groove
.spac~ng, d 3~~1 mm , is constan t . Although this instrument gave th e usual results for
the two-klystron source , there was no sign al detected above the noise level when the
mercury arc source was used. The reason for this failure is not yet understood.

One further experimental difficulty should be mentioned. With the single kly~tron
source , stationary mirror M 1 was blocked with an absorber and the path difference was
scanned. The output signal shifted phase initially, but the resulting interferogram was
still a cosine curv e, indicating that some other interfering beams besides the beams of
interest were reaching the detector. Most likely this output  was due to interference be-
tween the ligh t that hit movable mirror M 2 and the ligh t that diffracted off beam spli t-
ter G 1, travelled to side grating G2 or G 3, diffracted directl y back on itself to return to
G 1, and there recombined with the beam from M 2 to exit the instrument. Since the
intensity of these beams from the side gratings in a Littrow mount is lower than that of
the beams of interest , these unwanted beams of ligh t are ignored in these preliminary
studies.

IV . INTERPRETATION OF THE INTERFERO GRAMS

The observed asymmetry in the interferograms of Figs . 8 and 9 indicates an asym-
metry in the two paths of the interferometer. Also , the fact that there is no central
maximum at zero geometrical path diffe rence in the interferogram of Fig. 10 suggests a
large asymmetry. It is shown below that an asymmetry (-an be created by translating
one of the gratings of the instrument in its own plane, normal to the grooves , and that
the resulting phase errors are sufficient to explain the observations.

Lateral Translational Phase Shift Due to Grating Position

Consider a plane monochromatic wave incident on a plane diffraction grating. We
use here the convention that the phase of the wavefront with respect to spatial coord i-
nates is written as e x p [ i( K ’  x + 4 ’(X) l ,  where K is the wave vector , x the spatial position
vector, and 4 ’(x) descri bes any other residual phase shifts of the wavefront. For the
incident plane wavefront , we take 4 (x) = 0. The diffracted wavefront will exhibit phase
shifts that depend on groove shape and coating material and are functions of incident
angle, wavelength , diffrac tion order , and polarization. For the grating beam-splitter ar-
rangement considered in this report , the effects due to these phase shifts are considered
minor due to the symmetry of the paths of the two beams. One large phase sh i ft , due
to the grating position alone, is of dominant importance. We call this the lateral transla-
tional phase shift (LTPS).

For a plane wave of wave number a normally incident on a grating with groove
spacing d , a plane wave is diffracted in order Q wi th an angle to the normal given by

11
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= ad sin 0 ( Fig. 11). We measure the relative phases of the incident and diffracted
waves at P and P ’. respectively. If the grating is translated in its plane a distance e per-
pendicular to its grooves in the d irection of the diffra t .-ted beam , the diffracted wavefront
is translated along with t t .  so that the phase of this wavefront re lative to point  P ’ is
advanced by an amount  — -2 iroe sin 0.

In a completely equivalent manner , one could keep the grating stationary and trans-
late the coordinate system , with its observation points I’ and P ’, a distance e in the op~
posite direction and arrive at the same result.

Using the expression for sin 0 , we have for the magnitude of the L1’l’S

= I 2ir~ef d I  (3 1

which is a function of the diffraction order hut not of the wavelength. Since Eq. (3)  has
been obtained by considering only the far-field region of the wavefront , the LTPS is
exactly linear in c and is independent of the details of the groove shape. If =
where n is an integer , the total shift is an integer multiple of 2ir and the resulting phase
between P and P’ is indisti ngui shable from that prior to moving the grating.

In exactly the same manner as described above , one can show that Eq. (3)  holds for
the case of other than normal incidence and even oblique incidence. For the general
case of an obliquely incident beam , let the uni t  vectors ~~, ~~~ , and 

~~ 
denote the direction

of grating displacement , diffracted ray in order t , and zero-order ray respectively - The
sign of the LTPS is then given by

sign (Ø~ ) = sign (~ - (
~o — 

~

E SIflO

_________________ Fig. 11 —Calculation of lateral transl ational phase
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The sign can also hi’ determined as follows. When the sense of the gr ating translation is
the same as (opposite to) the direction of the diffracted wave relative to the zero-order
ray, the phase change is negative ( positive ), whi t -h  is equivalent to a decrease (increase )
in the optical path of the beam.

Beam-Spli t ter Position Errors

The existence of lateral translational phase shifts (LTPS ) implies that , if the grooves
of the side grating s ire not symmetri t ally lot ated wi fif ri s~~~~t to a -nDl-mu} i~~—o-f-
symmetry of the beam splitter grating (if it has one), then a phase error will arise from
the difference in the lateral translational phase shifts of the two arms of the interferom-
eter. We assume that the beam splitter grating has grooves with a symmetric cross-section
and that the side gratings are mirror images of one another; if not , wavelength dependent
errors are probably unavoidable.

In general , a misalinement of this type may he considered a lateral displacement of
the beam split ter grating toward the fixed arm of the interferomete r by a distance € from
the symmetry position. This displacement is equivalent to a displacement by a distan -e €

of both side gratings away from the fixed arm of the interferoroeter. Since each beam
suffers a phase shift twice (once in the forward path , once in the return path ), and the
sign of the phase shift in the fixed arm is negative , the phase difference between the
variable and fix ed arm due to LTPS is given by

= -
~j~

-
~ 

(5 )

for each order of diffraction k (taken as positive ) in which the interferometer is operating.
Thus, for operation in diffraction order k , phase errors due to LTPS are not importan t
provided that

-
~~ 

= 
~~~~~

, n = 0 , ±1 , ±2 , . .. ,  (6 )

and for operation in two or more orders , there are no net effects , provided that

n 0 , ±1 , ±2 ( 7 )

Note that if € / d  = (2n + 1)/ 8 , then even diff ract ion ord ers have n o net phase err or , while
odd orders su ffe r a net phase error of 71.

l’he total phase difference between the two inte rferometer beams is then given by

= Ø~~( k )  + 2ira~ (8)

where ~~ 2 ( L 2 — L 1 )  is the geometrical path difference due to displacement of the
movable mirror.

13
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Interpre tation of Data

In Sec II i t  was noted that the efficiency of this instrument is a rapid ly varying
funt -t ion of i i  w i t h  sharp peaks at the blaze wave numbers , given by

= k ’( d s i n O8 ) ,  k 1 , 2 , 3 

The sal ient  features of the observed interferograms may be understood by approxi-
mating this efficiency by a series of delta functions located at the a t, . The total p hase
difference for the kth blaze wave numbe r is given by

-
~ - 

~ T 2 71ko 1 (~ + 4€ sin Of i ) .  (9 )

For a broadband sotirc e . such that many orders of diffraction are being transmitted
through the ins t rument , maxima of the interferogram occur only when all orders are in
ph ase or when they diffe r by integer mult ip les of 2x. Thus peaks in the interferogram
occur whenever

°i (
~-~~~ 

li sin OB ) = n ( 10)

where n is an integer. This result , which is derived in the following more complete
treatment, provides an exp lanation of the observed mult iple peaks , their separation , and
their displacement from the ~ 0 posi tion.

Sin -e the effic iency peaks have a substantial spectral width centered at the blaze
wave numbers , a more realistic model for the instrumental effi ciency curve is a convolu-
tion ti f an inf in i te  series of equally spaced delta functions I) ( u )  and a narrow spectral
width Wu ) .  Eat h delta funct ion in D ( u ) corresponds to a blaze wave numbe r , while
W ( o )  represents the off-blaze effh-iency effects of the three-grating beam splitter. It is
assumed that W( o)  is n arrow enough that each wave number a is transmitted through the
ins t rument  in only one order of diffraction. That is , the t.otal width of W( o)  is less than

(d sin 08 ) 1 , which is the spacing between the delta functions in D ( a) .  Spectru m
B (a l is equal to the product of this eff icient -y and an overall envelope E ( o ) ,  which is due
to the Hg lamp white ligh t spectral distribution , the detector efficiency, the efficiency of
the auxiliary opti -s , etc. We have

D (o) = ~~ ~(a - ka 1 ) ( 11)

B(a) = [ D ( a ) * W ( o ) I  - E(a) (12)

where the * denotes a convolution and ko 1 -
~ o~. is the blaze wave number in order k .

Wh en the phase error Ø~ due to the LTPS is not an integral multiple of 271. the
modulated term in Eq. (1 )  must be modified to take Ø~ properly into account; the
interferogram is given by

/- 00

I ( L ~) - I (co ) = j B ( o) c o s ( 2 1 r o ~~ + Ø ~ ) d o  ( 13)
0

which we write as

14
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1(i) - I(~~~~) = 
j~ f

00 

B ( o) e ~~ e I2
~~~

1 d o .  ( 1 1 )

Since J ( ~~) is real , B ( a ) e ~ is taken to be a complex symmetrit -  funt -t ion of a ( S I .

Using the convolution theorem and Eq. ( 1 2)  in Eq. ( 1 4 )  results in

— J (°° ) 1W - (i) ”~~) 1 *E (15)

where ~ denotes the complex Fourier transform of a function g. The (Dc ’~~ ) factor is
the interferograrn that would result from an ideal interferometer with a comp lex spectrum
given by D ( a) e ’~~. From Eqs. ( 10) and (11), this facto r is given by

(De ’~~) = ~~~~~~~~~~~~~~~~~~~~

where the summation index h denotes diffraction orders. The Poisson summation formula
gives

(De~ ’) = -i-- 

m~- -°° ~ 
(.

~ 
+ 4€ sin 0~ ~~!). 

(1 6)

The output of the instrument becomes

J ( ~ ) - J ( ~~) = .—

~

_- [if . ~~ 
~ 

(
~ 

+ ~~ sin ü,3 - *~~~~~. ( 1 7 )

The interferogra m descri bed by Eq. ( 17)  is a series of equally spaced peaks whose
positions are given by

= ~~~- 4c sin 013 ( 18)

wh ich is simply_the result obtained earlier in Eq. (10). The inte nsi t ies  of the peaks are
modulated by W, which is d ue to the nonzero efficiency of the three-grating beam
splitter for a near the bl aze wave numbers. ‘I’he profile of the peaks is given by K . The
spacing between peaks is given by

~~m + 1  = d sin 011 (19)

and the m = 0 peak is sh ifted from th e ~ = 0 position by

— 4 € sin ~~ - ( 2 0)
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The coarse features of th e ’ re -orded ii)terfer ograms in Figs. 9 and 10 are’ Jus t  th ose
of the irterferogram (le ’s( ribed by Eq. 17 ) .  Apparen t ly ,  the th ree-grating lwam sp l i t t er  is
so eff i c ient off—blaze that  only two or three peaks are detectab le in the  i nterf e ’r ogr an i
abc ve the noise level. ‘l’hat is , W is so narrow that  only a few peaks have a nonzero
in tens i t y  in I ( s ) .

‘l’h e separation of the peaks in the interferogram . wh it -h depends simply on th e
period icity of the blaze wave numbers . is proportional t o  sin (I

fi - where 08 Is the on-blaze
dif f rac t ion angle. The values of 08 obtained by app l y in g  Eq. ( 19 to the interf erogram
peak spacing data are given in Table 1. These values of 0~ . deduced from the intt ’rfero-
grams of Figs . 9 and 10, are to he compared to •l0~ , th e value ’ for wh it -h the grat in gs
were designed.

The svrnn t ’trv of the inteiferogram of Fig. 10 is e x p lai ned if one assume’s tha t
4 2n + I M . with n an integer , so that  suc c essive d i f f r ac t ion  orders have phase sh i f t s

d i f fe r ing Ic y it. If this  occurs , the geometrical zero path position should he located
dire t lv  between the two peaks , wh ich is what is observed.

Only a considerably smaller deviation of e/d from a symmetry value of ii I is re-
quired to explain the interferogram of Fig. 9. Using Eq. (20) and observing our sign
conventions , one can easily deduce that the beam-splitter grating must  have been displaced
sligh tly away from the variable arm of the interferometer. The construction and alin e-
ment procedure s for th is experiment (Sec. I l l )  were such that values of € / d  Up to at least
± 1 1  were possible ’.

Effect of LTPS on Inversion Procedures

For gr ating beam-splitter interferometers operating in a single order / , the ’ effect  of
a lateral grating translation is to introduce a constan t phase error , give n by Eq. F t ) .  Such
a phase error is easily taken care of by standard methods 15 1 , such as the usc ’ of the two-
sided Fourier transforms. The same statement app lies to simultaneous operation in sev-
eral nonoverlapping orders , where the phase error is effectively a slowly varying funt - t  ion
of wave number  a.

U nfortunatel y, when several overlapping orders are in use (i.e., two or more orders
propagate through the instrument  and interfe re for one wave number ) ,  then both the
ins t rument  eff i -iency and , unless the a l inement  is perfect ( 0) ,  the  phase error (-an lie
expec ted to show rapid and large variations with changing wave number.  ‘l’h e details of

Table ’ I - - Path l) i f f e rence Separations of Interferogram Peaks and
the Diffraction Angles (‘ak-ul ated from These Path Difference s

d + ~ (observed ) 08 (calculated )
I lntvrfe ’rogram m I m
L(mm) J (mm) (deg)

3.81 J Fig. 10 2. 39 T 38.85

L 
6.35 L Fig. 9 3.97 J 38.70
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this effet t are beyond the scope of this report . but it c-an 1)1’ said to introduc e ’ substantial
diff icul t ies  in the oper ic wi of a grating beam-splitter interferome ’ter in high orders , u nle ’ss
the resotutrnn is v ery high \V~ r p the ’  rap id variat ions (-ould Ia ’  re ’sotve ’cl or very low

wh ere ’ they are un imp  cr 1

V. EXPERIMENTAL VERIFICATION OF LATERAL TRANSL A TIONA L
Ph ASE SHIFTS

‘to test the validity of the above interpretation of the early experimental results of
Figs. ~~ . 9, and 10, the interf erorneter was mO(lified so that  could be varied ‘ y trans-
lat ing the beam-splitter grating (G 1 ) and stationary side mirror (~ 13 ) assembly in the plan e
of G 1 and in a direction perpendicular to the grooves of the grating. The position of G 3
and 1!3 was varied with a micrometer drive to an accuracy of ±0.0001 in. (0.0025 1 m m ) .
‘Il-ic value of could be varied up to a max imum of 1.5 d. For all the ’ results reported
in th is section , the d = 0.15 in. (3. 81 mm )  gratings were’ used. I Jnless specifically men-
tioned , all other parameters of the experiment were essentially the same as reported in
Set- . III .

With the 2.2-mm klystron as a source , the output of the interferometer was nioni-
tored as e was varied to check the existence of an LTPS. The results are shown in
Fig. 12. For this data , ~ —0 .3 mm. As is evident , the output does not have a pure
sinusoidal dependence on € , but rather the amp li tude of the basic- sinusoidal behavior is
modulated. Peaks 2 and 4 in this data correspond to the cases in which the point of
symmetry of G 1 is the top and bottom of the triangular groove’s respectively. The lower
amplitude peaks , 1, 3, and 5 in the figure , correspond to the point of symmetry being

0 . 1 . . . , ..

E 1mm)

Fi g. I 2—- ln t e r f e r o m ’ter en h i p u t  as a func t ion  of ? for a 2 2-mm k lv ’s rcm
source. Grating groove spacing is 381  mm , and path difference between
beams is = —0.3 mm. For th is case the € 0 pos ition is not a symmetry
position. A maximum occurs wh enever ‘1~T 21rn .
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a mid point between the top and bottom of the groove cross-section. The cause of this
ampli tud e modulation is not clear , but it  may be the fact that the wavefront reconstruc-
tion of the gr atings is poor. ‘l ’hat is , due ’ to the relative ly large ratio of wavelength to
ins t rument  d im en s ic ois . it is not stri c t l y  correc t to assume th at  the wave fronts are pla ne
wave ’s afte r d i f f r a c t i n g  from the gratings.

h owe ve r , these’ measurements c lear l y verify the existence of an LTPS . The average
period in terms of betwee n the ’ peaks in Fi g. 12 is 0.965 ± 0.025 mm , while Eq. (6)
pre ’dicts a value ’ of ( 1 .952 nin e for the change in € between maxima (th e X = 2.2 mm signal
is diffracted in to  first  order only I.

The interfero gram s obtai ned when the Hg lamp was used as a white ligh t source
were very dependent on the value ’ of € . The results for two cases are shown in Figs. 13
and I - I .  Figure 13 shows the resulting interferogram when c was adjusted so that G 1 was
lilac-ed very c-lose to a point of symmetry. For reference , we say € 0 for this case .
Figure 14 shows the same situation , but with c/ d  = 0.026. The c/ d 0 case is fairly
sy mmetri c around the .~~ = 0 positio n and shows thre e peaks in the interferogram , while
the 4 :: 0.026 case shows three peaks that are not symmetric in intensity around the
ce ntral peak , and all th ree peaks are displaced , with respect to ~ 0, from their positions
in Fig. 13. Both these results are to be compared to Fig. 10, where e/ d 0.125 and
onl y two peaks are seen , with both being approximately equidistant from the ~ = 0
position. The peak positions of Fig. 10 have been duplicated by setting € 1 d = 0.125 with
the modified apparatus.

In all , 10 white light interferograms were taken wi th different € settings. The peak
positions relative to a fixed value of ~ were measured as a function of ~ from eld = 0 to
ul d = 0.302. The results of these measurements for the two peaks (2 and 3) are given in
Fig. 15, where the peak position is plotted as a function of change in e. The data fit a

— 2 4 2 m m

A ‘0

Fag. 13—Interfero gram of a mercury arc source with e 0,
made- using gratin~s with groove spacing d = 3.81 mm. The ap-
proximat e- ~ = 0 poSition is Shown by the arrow. Adjacent
peaks are separated in path diffe rence by 2.42 mm. The number
lab els of the peaks correspond to the labels in Fig. 15.
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— 2~~~ ” ’  —

A ~O

Fig. 14—lntcrferog ram of a mercury arc source with
= 0.026 and groove spacing d = 3.51 mm, The peaks

are shifted from their position in Fig. 13. The’ number
labels of the peaks correspond to the labels in Figs. 13
and 15.

4.0

0 .25 50 75 00 25

E (mm)

Fig. 15 — Inter fer ogra m peak positions , measured by the
path difference ~ between interfering beams, es a function
o f €
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s t r iug h  t l i n e ’  vcrv we ’ll for both peaks. ‘l’he origin of the ’  ve’rt cal X i s  ~s arbitrary , but  the
slope ’ of hc et .h lin e ’s is pr e ’cli ctod by Eq. ( 1 8 )  to a

dL
~0~ I sin - ( 2 1 )(j(

For (I~~ I t ) , -1 sin 1) /1 = 2 57 , while ’  a least—square ’s fi t  t o  the ’  da ta  give s a .s l u j c e  of 2.~~)
for the pe ak 2 data and 2 .G() for the ’ j )e ’ak 3 data.

F rom a t (etal of 10 I Ig Whi te ’  I igli t in te ’rfe ’rogr ams , the ’ average’ 5 * 1  eai-a t i c cii bet we-en
ad ja c e n t  pcaks  iii te ’rms of path difference is 2. 12 ± 0 .01 mm , w h i l e ’  for (I~ I t )  . Eq. 19)
give ’s ,t prc’dic’te’cI val tic’ of 2. I ~ mm. Again , theory and c x  p e ’r im e ’n t are’ in reasonable
agre ’e’mc ’n t.

In conclus ion , the  c x p r e ’ s ~i c u i  i n Eq. I 18) for ihe e’tf v e-t of t h e ’  I l l ’ s  in th is  inte ’r—
fe ’romets ’r  has been verified , although somc other eff  cts were r e ’ se i i  t . The s imple  model
pre ’se’nte ’d in See’ . 1\’ su c ce ssfully pre ’d id .s the ’ basic behavior of i n st r um e ’ n  t. In part icular ,
th e ’ movement  and separation of the peaks in th e  inte ’rf e ’ro gram arc in q u a n t i t a t i v e ’  agree’ -
me ri t with the ’ce r v .
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